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a b s t r a c t
Tungsten-alloy has carcinogenic potential as demonstrated by cancer development in rats with intramuscular
implanted tungsten-alloy pellets. This suggests a potential involvement of epigenetic events previously
implicated as environmental triggers of cancer. Here, we tested metal induced cytotoxicity and epigenetic
modiﬁcations including H3 acetylation, H3-Ser10 phosphorylation and H3-K4 trimethylation. We exposed
human embryonic kidney (HEK293), human neuroepithelioma (SKNMC), and mouse myoblast (C2C12) cultures
for 1-day and hippocampal primary neuronal cultures for 1-week to 50–200 μg/ml of tungsten-alloy (91%
tungsten/6% nickel/3% cobalt), tungsten, nickel, and cobalt. We also examined the potential role of intracellular
calcium in metal mediated histone modiﬁcations by addition of calcium channel blockers/chelators to the metal
solutions. Tungsten and its alloy showed cytotoxicity at concentrations N 50 μg/ml, while we found signiﬁcant
toxicity with cobalt and nickel for most tested concentrations. Diverse cell-speciﬁc toxic effects were observed,
with C2C12 being relatively resistant to tungsten-alloy mediated toxic impact. Tungsten-alloy, but not tungsten,
caused almost complete dephosphorylation of H3-Ser10 in C2C12 and hippocampal primary neuronal cultures
with H3-hypoacetylation in C2C12. Dramatic H3-Ser10 dephosphorylation was found in all cobalt treated
cultures with a decrease in H3 pan-acetylation in C2C12, SKNMC and HEK293. Trimethylation of H3-K4 was not
affected. Both tungsten-alloy and cobalt mediated H3-Ser10 dephosphorylation were reversed with BAPTA-AM,
highlighting the role of intracellular calcium, conﬁrmed with 2-photon calcium imaging. In summary, our results
for the ﬁrst time reveal epigenetic modiﬁcations triggered by tungsten-alloy exposure in C2C12 and hippocampal
primary neuronal cultures suggesting the underlying synergistic effects of tungsten, nickel and cobalt mediated
by changes in intracellular calcium homeostasis and buffering.
Published by Elsevier Inc.

Introduction
Heavy metals used in industrial and household applications can pose
harmful health effects. In recent years, tungsten-alloys (WA) have been
used in many engineering, automotive, marine and other applications
requiring high-density materials. In military operations, WA containing
tungsten (W; 91% w/w), nickel (Ni; 6% w/w) and cobalt (Co; 3% w/w)
has been deployed in armor-penetrating munitions as a substitute for
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depleted uranium. Tungsten compounds internalized as embedded
shrapnel frequently cannot be removed from brain tissue because of
their location and/or small size, which may cause chronic health effects.
Neurological and chronic respiratory problems in metallurgy workers,
miners, and in a French soldier exposed to tungsten have been reported
(Chen et al., 2005; Jordan et al., 1990; Marquet et al., 1996). Tungsten
exposure via drinking water has been associated with onset of acute
lymphocytic leukemia clusters (Rubin et al., 2007; Sheppard et al., 2007;
Steinmaus et al., 2004). Tungsten is known to alter phosphatedependent biochemical pathways in a cell-type-dependent manner
that may negatively affect downstream cellular functions (Johnson et al.,
2010). A rat model with intramuscular implanted tungsten-alloy pellets
has shown a carcinogenic potential for tungsten-alloy in the muscle and
lungs (Kalinich et al., 2005). Tungsten-alloys also instigated neoplastic
transformation of human osteoblast cells indicating its genotoxic
potential (Miller et al., 2001). Subtle neurobehavioral defects were
observed in rats exposed to sodium tungstate (McInturf et al., 2008).
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There have been reports that suggest heavy metals as potential
causative agents for Alzheimer disease (Thompson et al., 1988). Cobalt
can cause toxic health effects due to over-medication with cobaltcontaining compounds (vitamin B12), high consumption of cobalt
enriched foods/drinks, or occupational exposure. In orthopedic joint
implants, cobalt may be released in ionic form resulting in local cell
toxicity (Tsaousi et al., 2010). Cobalt has been shown to reduce
neurotransmitter concentrations in rat brain (Hasan et al., 1980),
speed up ATP turnover (Hediger and Milburn, 1982), inhibit mitosis
(Bearden and Cooke, 1980) and impair DNA synthesis (Sirover and Loeb,
1976).
Nickel (Ni), another major component of tungsten-alloy, is
commonly used in a number of industrial and household products
with a potential of producing human skin allergies, lung ﬁbrosis, and
lung cancer (Lu et al., 2005). Nickel is also employed in dental alloys,
where the release of nickel ions from dental implants and ﬁllings may
induce multiple detrimental effects to the soft tissue (Schmalz and
Garhammer, 2002).
The cytotoxicity and carcinogenicity of heavy metals have been well
recognized (for reviews see: Beyersmann and Hartwig, 2008; Denkhaus
and Salnikow, 2002; Kalinich, et al., 2005; Leonard and Lauwerys, 1990;
Valko et al., 2005). However, the involved mechanisms and molecular
targets have not been fully elucidated because of their complex mode of
action and variable degree of impact. The confounding factors may
include among others the existence of several ionic/metallic forms of the
same element, different metal mixtures present in the environment,
cell-type/species speciﬁcity in mechanisms of action and targeting of
interconnected signaling pathways (Florea and Busselberg, 2006; Riley
et al., 2005). Heavy metals can induce cell death by apoptosis and
necrosis through DNA fragmentation, elevated production of reactive
oxygen species (ROSs), triggering hypoxia like-effects, elevating levels
of p53, activating caspases, and mitogen activated protein kinases
(MAPKs) or other signaling pathways (for reviews see: Akita et al., 2007;
Valko, et al., 2005; Zou et al., 2002). Heavy metals are also known to
affect calcium homeostasis by blocking voltage-dependent calcium
channels and inducing calcium release from intracellular calcium stores,
thereby, interfering with multiple downstream signaling cascades
(McNulty and Taylor, 1999; Miledi et al., 1989; Platt and Busselberg,
1994; Smith et al., 1989).
The low mutagenic and high carcinogenic activities of heavy metals
suggest potential involvement of epigenetic events (histone modiﬁcations and DNA methylation) previously implicated as environmental
triggers of cancer (Ziech et al., 2010). Recent studies have reported
histone hypoacetylation, increased methylation/ubiquitination of histones (Costa et al., 2005; Ke et al., 2006; Li et al., 2009) and changes in
the chromatin stationary structure (Ellen et al., 2009) in response to
nickel and cobalt exposure. These studies also pointed to hypoxia and
ROSs generation as causes of decreased acetyl-CoA, a substrate for
histone acetylation due to heavy metal exposure (Costa, et al., 2005). As
far as we know, there have been no published reports regarding the
epigenetic effects induced by tungsten-alloy exposure.
In the present study, we have implemented in vitro models to
measure the dose-dependent toxic effects of tungsten-alloy and its
constituent metals including tungsten, nickel and cobalt. Considering
that the metal ions can have cell-speciﬁc effects, we have used three
cell-lines of human and rodent origin as well as murine hippocampal
primary neuronal cultures. The use of primary hippocampal cultures
was important for the evaluation of the toxic effects in neurons and to
establish the neurological signature of tungsten-alloy's detrimental
activity. Hippocampal primary neuronal cultures can be easily
maintained for up to two weeks, facilitating the assessment of cellular
toxic effects caused by long-term metal exposure in a neuronal
system. We also determined the epigenetic changes that involved
histone modiﬁcations in response to heavy metal exposure. It is well
established that posttranslational modiﬁcations of histone proteins,
for instance acetylation of histone H3 and its phosphorylation may
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affect transcription through mitogen-responsive promoters (He and
Lehming, 2003). Previous studies showed that heavy metals disturb
calcium homeostasis and interfere with its intracellular functions
(McNulty and Taylor, 1999; Miledi, et al., 1989; Platt and Busselberg,
1994; Smith, et al., 1989). In order to better understand the
interference between heavy metals and physiological calcium,
calcium speciﬁc channel blockers and calcium chelators were applied
during the tungsten-alloy and cobalt exposure. A series of experiments using 2-photon calcium imaging was carried out to determine
intracellular calcium dynamics and physiological modulation of
intracellular calcium homeostasis after exposure to tungsten-alloy.
In general our results show that exposure of cells to tungsten-alloy
and its components in culture conditions impacts epigenetic regulations in cell-speciﬁc manner.
Materials and methods
Chemicals. All metal solutions, including tungsten ICP/DCP (catalog #
356697), cobalt ICP/DCP (catalog # 356174) and nickel ICP/DCP (catalog
# 356409) as well as calcium chelators BAPTA-AM [1,2-Bis(2aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl
ester)] and EGTA [Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′tetraacetic acid] were purchased from Sigma-Aldrich (St. Louis, MO). Ltype calcium channel blockers (nimodipine and calcicludine) were
purchased from Alomone Labs (Jerusalem, Israel). All other solutions
were obtained from either Sigma-Aldrich (St. Louis, MO), Invitrogen
(Carlsbad, CA) or Millipore (Billerica, MA).
Cell culture. C2C12 (mouse myoblast), HEK293 (human embryonic
kidney) and SKNMC (human neuroepithelioma) cell lines were
maintained using T75 tissue culture ﬂasks in Dulbecco's modiﬁed
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin at 37 °C and 5% CO2. Cells were
passaged routinely after reaching 80% conﬂuency. Hippocampal
primary neuronal cultures were prepared from 3-day-old B6C3H-F1
mouse pups (P2) using a slight modiﬁcation of the protocol as
previously described (Best et al., 2007; Klein et al., 2001; Stoll and
Galdzicki, 1996). Brieﬂy, hippocampi were dissected, treated with
0.25% trypsin for 15 min at 37 °C and dissociated by trituration
through the narrow bore of a ﬁre-polished glass pipette. The single
cell suspension was plated onto poly-D-lysine coated 24 well tissue
culture plates (15,000 cells per well) or 35 × 10 mm dishes (50,000
cells per dish) in Neurobasal™-A medium supplemented with B27,
10% fetal bovine serum, 5% horse serum, 1% glutamine and 1%
penicillin/streptomycin at 37 °C and 5% CO2. After one hour, the
plating media were replaced with feeding media i.e. Neurobasal™-A
medium supplemented with B27 and 1% glutamine.
Metal exposure. In vitro cultures were exposed to nickel, cobalt,
tungsten, tungsten-alloy (91%W, 6%Ni, 3%Co) as well as the same
amount of nickel (NiA) and cobalt (CoA) that is used in the preparation
of tungsten-alloy solutions. Metal concentrations used in this study in
units of ‘μg/ml’ and corresponding ‘μM’ values are presented in
Supplementary Table 1. Based on the previous literature, we selected
three different metal concentrations, including 50 μg/ml, 100 μg/ml and
200 μg/ml for cytotoxicity assays (Kane et al., 2009; Peuster et al., 2003).
For analyzing alterations in histone modiﬁcations, all four cultures were
treated with the same metal solutions at a concentration of 50 μg/ml and
1000 μM (nearly equivalent to 58.7 μg/ml of nickel, 58.9 μg/ml of cobalt
and 183.9 μg/ml of tungsten and tungsten-alloy). All three cell lines
were exposed to metal solutions for 24 h after reaching 80% conﬂuency.
Primary hippocampal cultures were exposed for 1-week to different
concentrations of metal solutions on the 5th day of culture, when
neurons reach their physiological maturation status (Best, et al., 2007).
We selected one week exposure for differentiated neuronal cultures to
model long-term exposure effects of tungsten and its alloy. Metal
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solutions in the respective media were prepared prior to use. The pH of
all metal solutions used for the above experiments was ~7.4.
Exposure to calcium channel blockers and calcium chelators. C2C12 cells
(with L-type calcium channels) were exposed to 1000 μM of cobalt
or tungsten-alloy (nearly equivalent to 58.9 μg/ml of cobalt and
183.9 μg/ml of tungsten-alloy) in combination with either of the two
L-type calcium channel blockers including nimodipine (2 μM) or
calcicludine (0.01 μM) for 24 h. Similarly, another set of C2C12 cells
was treated with 1000 μM of cobalt or tungsten-alloy along with 50 μM
of BAPTA-AM (intracellular calcium chelator) or 3 mM of EGTA
(extracellular calcium chelator) or both BAPTA-AM as well as EGTA
together for 24 h. While BAPTA-AM was added 2 h prior to metal
exposure, EGTA as well as nimodipine and calcicludine were added at
the same time as the metal exposure. We also exposed control C2C12
cultures to similar concentrations of calcium channel blockers and
chelators as mentioned above without any metal treatment.
2-photon microscopy and calcium imaging. Metal-induced changes in
baseline intracellular calcium concentration ([Ca2+]i) and cellular
activity over time were measured in control C2C12 cells as well as
cultures exposed for 24 h to tungsten-alloy or tungsten-alloy plus
BAPTA-AM. The calcium-sensitive ﬂuorescent dye was introduced
into C2C12 cells by adding 2 μM of cell membrane-permeable Fluo-4/
AM (Invitrogen) into the media of the culture plates followed
by incubation at 37 °C, 5% CO2 for 40 min. Cells were rinsed with
DMEM and incubated for 20 min at 37 °C to allow for complete deesteriﬁcation (for details see Jaiswal and Keller, 2009). Changes in
[Ca2+]i were measured using a Zeiss LSM 7 MP system (Carl Zeiss
MicroImaging, Germany).
In brief, experiments were performed as previously described
(Bergmann and Keller, 2004; Jaiswal and Keller, 2009) using a Zeiss
LSM 7 MP system, consisting of an Axio Examiner.Z1 microscope
(Carl Zeiss MicroImaging, Germany), Ti:sapphire Chameleon Vision,
2-photon mode-locked laser system operated at 800 nm (680 nm–
1080 nm tuning range, ~ 80 MHz; 3.3 W peak power , Coherent, Inc.,
Auburn, CA) and controlled by Zen 2009 software (Zeiss, Germany).
The system was equipped with a X-Cite 120 lamp for reﬂected light
illumination and water immersion objectives (10× achroplan and 20×
plan-apochromat, 40× plan-apochromat, 0.30, 1.0 and 0.8 NA
respectively, Zeiss; Germany). Laser excitation and ﬂuorescence
emission were separated by a 690 nm long pass and the emitted
ﬂuorescence was detected through 525/50 band pass ﬁlter (Chroma
Technology, Rockingham, VT) with non-descanned detectors.
In time series experiments, dynamic intracellular calcium changes in
deﬁned regions of interest (ROIs) were monitored using Zeiss Zen 2009
software equipped with physiology module. The image acquisition
rate was ~2.5 Hz. Further analysis was performed off-line with the Zeiss
Zen 2009 (Carl Zeiss MicroImaging, Germany), OriginPro 8.5 software
(OriginLab Corporation, Northampton, MA, USA), version 8.1, IGOR
software (Wavemetrics, Lake Oswego, OR, USA) and Image J. Background ﬂuorescence was subtracted from the recorded values. The
measured ﬂuorescence intensity for RIOs was used to calculate changes
in baseline calcium and cellular activity, which was represented as ΔF/
F0 = (F–F0)/F0, where F0 is the ﬂuorescence at the beginning of
recordings and F is the ﬂuorescence intensity over time. The measured
ﬂuorescence signal is the function of both calcium concentration and the
concentration of Fluo-4/AM, and we assume that the latter did not
ﬂuctuate during the 5 min recording period.
Toxicity assays. Cell viability was analyzed using the multiple
endpoint IN CYTOTOX test kits from Xenometrix (Allschwil, Switzerland) that employ NR and XTT assays to evaluate cellular toxicity in
the same sample (Hopp et al., 2003; Johnston et al., 1993; Kane, et al.,
2009; Peuster, et al., 2003). The use of two different toxicity assays on
the same culture plate increases the relevance of correlation among
different tests, enhances the chance of detecting cytotoxic effects,

reduces the overall handling time and the amount of test compounds
needed and may also suggest mechanisms of toxicity. The NR assay
involves a neutral red weak cationic dye that accumulates intracellularly in lysosomes and binds to anionic sites of the lysosomal matrix
of viable cells. The XTT assay comprises a yellow tetrazolium salt that
is cleaved to soluble orange formazan by the succinate dehydrogenase
system present in the mitochondrial respiratory chain of viable cells.
All cytotoxicity assays were performed with cells plated in 24 well
tissue culture plates following the manufacturer's instructions. The
absorbance of the ﬁnal reaction products was determined using
Fluostar Optima microplate spectrophotometer from BMG Labtech
(Offenburg, Germany).
Clonogenic assay. C2C12 cultures treated with 1000 μM tungstenalloy for 24 h as well as control cells were trypsinized and re-plated in
triplicates in 100 mm Petri dish at a density of 2000 cells per dish
(using the same plating media as mentioned above). After being
incubated for two weeks, colonies were washed with PBS, ﬁxed with
methanol and stained with 0.5% crystal violet in 25% methanol. The
plates were rinsed three times with water and air-dried, and then
counted.
Histone extraction. Histones were isolated from the same metal
exposed cultures as mentioned above at concentrations of 50 μg/ml
and 1000 μM (nearly equivalent to 58.7 μg/ml of nickel, 58.9 μg/ml
of cobalt and 183.9 μg/ml of tungsten and tungsten-alloy) and C2C12
cultures treated with 1000 μM of cobalt or tungsten-alloy in
combination with either calcium blockers or calcium chelators using
a modiﬁed acid extraction protocol (Shechter et al., 2007). Brieﬂy, the
cells were scraped and pelleted by centrifugation at 1500 rpm for
10 min. The cells were washed with 10–15 volumes of PBS (with
5 mM sodium butyrate) and then suspended in 5–10 volumes of lysis
buffer (10 mM HEPES — pH 7.9, 1.5 mM MgCl2, 10 mM KCl with
freshly added 5 mM sodium butyrate, 0.5 mM DTT, 1.5 mM PMSF,
(1:100) phosphatase inhibitors cocktail I & II (Sigma) and a tablet of
complete protease inhibitor (Roche Diagnostics Corporation, Indianapolis, IN) per 10 ml of lysis buffer). The cells in lysis buffer were
incubated on a rotator at 4 °C for 30 min and centrifuged at 2000 rpm
for 10 min at 4 °C. The cell pellet was washed again with half the
volume of lysis buffer. The pellet was resuspended in 200 μl–500 μl
of 0.2 N HCl depending upon the pellet size, incubated on rotator
at 4 °C for 1 h and centrifuged at 13,000 rpm for 20 min at 4 °C. The
supernatant containing histones was transferred to fresh tube. The
histone concentration was determined using BCA™ protein assay
(Thermo Scientiﬁc, Hudson, NH) and a Fluostar Optima microplate
spectrophotometer from BMG Labtech (Offenburg, Germany).
Western blot. 10–20% Novex® Tricine SDS gels (Invitrogen) with
resolution of 2 kDa differences were utilized to separate puriﬁed
histones following the manufacturer's instructions. The histones were
transferred from the tricine gels to the polyvinylidene diﬂuoride —
PVDF membranes (Pall Corporation, Ann Arbor, MI) and hybridized
with either anti-acetyl-H3 (catalog # 06-599, Millipore), antiphospho-H3-Ser10 (catalog # 04-817, Millipore) or anti-trimethylH3-Lys4 (catalog # 39159, Active Motif) primary antibodies. After
appropriate washing procedures, the membranes were incubated
with goat anti-rabbit secondary antibody (catalog # 170-6515,
BioRad). The Western blot signals were detected using Fujiﬁlm LAS3000 Imager (Fujiﬁlm, Stamford, CT) within the linear range. Each of
these blots was then washed and hybridized with total anti-H2A
antibodies (catalog #07-146, Millipore) so as to normalize for the gel
loading variation.
Statistical analysis. All cytotoxicity assays were performed two to
six times in triplicate as indicated in the ﬁgure legends. The data were
analyzed using one-way analysis of variance (ANOVA), with Dunnett's
method as the post-hoc test to identify statistically signiﬁcant dosedependent cytotoxic effects of metal exposed cell cultures as
compared with controls. For quantitative analysis of Western blots,
optical intensity of bands in the linear range was evaluated with a
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MultiGauge v3.0 software (Fujiﬁlm, Stamford, CT) and each blot was
repeated three times. The intensity data for each Western blot band
was divided by its respective total H2A intensity (from same blot) to
normalize for gel loading variation. Data was analyzed on a log(10)
scale to achieve normality and equal variances among groups. We
implemented one-way ANOVA with Dunnett's method as the posthoc test to identify statistical signiﬁcant differences of histone
modiﬁcations induced in response of exposure to heavy metals
alone or in combination with calcium channel blockers/chelators in
comparison with controls. Standard T-tests were employed to
compare differences in mean baseline calcium in tungsten-alloy or
tungsten-alloy plus BAPTA-AM treated cultures as compared to
control cells. The level of signiﬁcance was assigned at p b 0.05. Results
are presented as Mean ± SEM.
Results
Dose-dependent toxic effects in response to metal exposure
The toxic effects of tungsten-alloy and its constituent metals
including tungsten, nickel and cobalt were tested in human
embryonic kidney (HEK293), human neuroepithelioma (SKNMC),
murine myoblast (C2C12) and murine postnatal hippocampal
primary neuronal culture systems. We implemented three different
concentrations comprising 50 μg/ml, 100 μg/ml and 200 μg/ml of
metal solutions to measure the dose-dependent toxic effects. We
further employed two different cytotoxicity assays (XTT and NR) on

the same culture plates to increase the reliability of the results and to
discriminate the effects of metals on speciﬁc cell organelles.
Tungsten and its alloy showed signiﬁcant dose-dependent toxic
effects at metal concentrations of 100 μg/ml and 200 μg/ml but no
toxicity was observed at 50 μg/ml. Interestingly, exposure to tungsten-alloy but not tungsten (at 100 μg/ml) produced a signiﬁcant
decrease in cell viability for HEK293, indicating the enhanced
cytotoxicity possibly induced by synergistic effects of tungsten along
with nickel and cobalt (Fig. 1). The toxic effects detected with both NR
and XTT assays might imply the involvement of lysosomal and
mitochondrial damage as the potential underlying mechanisms for
metal-induced cytotoxicity. Moreover, the tungsten-alloy toxicity
observed at 100 μg/ml with only NR and not XTT suggests that
lysosomal damage may be ﬁrst in the sequence of events followed by
mitochondrial defects eventually leading to cell death. Also as shown
in Fig. 1, only cobalt consistently showed signiﬁcant robust toxicity at
all three concentrations (50 μg/ml, 100 μg/ml and 200 μg/ml) tested in
four diverse cell culture systems. Similar to cobalt, nickel also induced
a signiﬁcant reduction of cell viability with all concentrations and
cultures except for 50 μg/ml in the C2C12 cell line (Fig. 1). For concentrations of nickel (NiA) and cobalt (CoA) present in the tungstenalloy, reduced toxicity or no-toxicity was evident. Noticeable toxicity
of small doses of either nickel or cobalt in hippocampal primary
neuronal cultures could be explained by the higher sensitivity of
hippocampal neuronal cultures toward these metals or the longer
time of exposure (seven days as opposed to 24 h). Clonogenic assay
revealed that the number of colonies formed in the tungsten-alloy
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Fig. 1. Differential toxicity proﬁles of metal exposed in vitro cultures. Diverse cell lines including HEK293 (human embryonic kidney), SKNMC (human neuroepithelioma), C2C12
(mouse myoblast) and hippocampal primary neuronal cultures (derived from P2 mouse pups) were exposed to nickel (Ni), cobalt (Co), tungsten (W), tungsten-alloy (WA-91%W, 6%
Ni, 3%Co) as well as NiA and CoA (the equivalent amount of Ni and Co used in tungsten-alloy) at three different metal concentrations including 50 μg/ml, 100 μg/ml and 200 μg/ml. All
three cell lines were exposed to metal solutions for 1-day. Primary hippocampal cultures were exposed at the 5th day of culture for 1-week. Both toxicity assays (XTT and NR —
Neutral Red) were repeated twice in triplicate for all three cell lines and 4–6 times in triplicate for primary hippocampal culture. Data presented as % Control ± SEM. ‘*’ represents
p b 0.05 for Dunnetts test following one-way ANOVA.
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treated plates was similar to control C2C12 culture plates, reﬂecting the
outcome of NR and XTT assays (Mean % Control ± SEM= 156 ± 31).
Alterations in histone modiﬁcations induced by heavy metal exposure
It is known that exposure to metals causes changes in gene
expression and that chromatin modiﬁcations, histone H3 in particular play an important role in the cellular response to toxic agents
(Clayton and Mahadevan, 2003; Johnson and Barton, 2007; Moggs
and Orphanides, 2004). In the present study, metal-treated cell
cultures were examined for alterations in three different histone
modiﬁcations including trimethyl-H3-Lys4, acetyl-H3 and phosphoH3-Ser10 in response to metal exposure. Histone H3 is one of the
main histone proteins that forms the nucleosome core and is highly
post-translationally modiﬁed by covalent attachment of methyl or
acetyl groups to lysine/arginine and phosphorylation of serine/
threonine in its N-terminal tail. Histone acetylation of lysine residues
in the H3 N-terminal tail as well as methylation of lysine-4 or lysine79 has been associated with transcriptional activation of genes
(Annunziato and Hansen, 2000; Santos-Rosa et al., 2002). On the
contrary, histone H3-Ser10 phosphorylation has been linked to very
divergent cellular processes such as chromosome condensation and
segregation, modulation of transcriptional activity of speciﬁc genes
in response to stress/mitogens, mediation of transcription elongation
via crosstalk with histone H4K16 acetylation, gene silencing,
apoptosis and DNA repair (Cerutti and Casas-Mollano, 2009; PerezCadahia et al., 2009; Zippo et al., 2009). These contrasting roles of
H3-Ser10 phosphorylation linked to chromosome condensation and
transcriptional activation could be reconciled by the yet to be proven
hypothesis that H3 phosphorylation actually opens up the chromatin
during mitosis and gives access to nuclear factors that promote
chromosome condensation. It is also possible that the ﬁnal outcome of
H3 phosphorylation is dependent upon the combinations of other
histone marks present in its vicinity (Cheung et al., 2000; Santos-Rosa,
et al., 2002).
The results of Western blot analysis of histones isolated from
HEK293, SKNMC, C2C12 and hippocampal primary neuronal cultures
showed no detectable changes in the level of trimethyl-H3-Lys4 in
any of the cell cultures following metal exposure (Figs. 2A–D). This
outcome suggests absence of any massive alteration in transcriptional
activation of genes. Exposure to tungsten-alloy (1000 μM/~183.9 μg/
ml) but not tungsten itself evoked a signiﬁcant reduction in
phosphorylation of H3-Ser10 in hippocampal primary neuronal
cultures (Fig. 2C) and C2C12 (Fig. 2D) cells, implying the potential
synergistic toxic effects of tungsten with nickel and cobalt that are
part of tungsten-alloy. As compared to control cells, signiﬁcant
reduction in the phosphorylation levels of H3-Ser10 was observed
in all four cultures (Figs. 2A–D) treated with cobalt (50 μg/ml or
1000 μM/~58.9 μg/ml) and for cobalt concentration (CoA) present in
~ 1000 μM/183.9 μg/ml of tungsten-alloy in C2C12 cells (Fig. 2D). Also,
modest dephosphorylation of H3-Ser10 was observed in response to
tungsten (1000 μM/~183.9 μg/ml) in HEK293 (Fig. 2A).
C2C12 cells also showed reduced acetylation levels (Fig. 2D)
following exposure to tungsten-alloy (~ 1000 μM/183.9 μg/ml). Furthermore, reduction in the acetylation levels of H3 was also observed
in HEK293 (Fig. 2A), SKNMC (Fig. 2B) and C2C12 (Fig. 2D) in response
to cobalt (50 μg/ml or 1000 μM/~58.9 μg/ml) exposure. No other
statistically signiﬁcant changes in any of the histone modiﬁcations
were detected for the remaining concentrations of metal exposures
used in this study.
Effects of L-type calcium channel blockers and calcium chelators on the
reversal of histone modiﬁcations induced by metal exposure
To better understand the potential role of heavy metal-induced
disruption of calcium homeostasis in the underlying mechanisms

behind the metal-mediated epigenetic modiﬁcations, we changed
the intracellular and extracellular calcium levels and determined
histone H3-acetylation and H3-Ser10 phosphorylation following
metal exposure in C2C12 cells. Heavy metals are known to affect
calcium homeostasis and dynamics by blocking voltage-dependent
calcium channels and inducing calcium release from intracellular
calcium stores, thereby inﬂuencing downstream signaling cascades
associated with cell growth, differentiation and apoptosis (Valko,
et al., 2005). It has also been previously reported that certain calcium
channel blockers like nimodipine, nifedipine, verapamil etc. are
capable of reducing metal uptake to a certain extent and could thus
reduce metal-mediated cytotoxicity (Hinkle et al., 1987; M'BembaMeka et al., 2005). To test the possibility of reversal of metal-induced
epigenetic modiﬁcations by changing calcium homeostasis, we
exposed C2C12 cells (that express L-type calcium channels) to
1000 μM of tungsten-alloy or cobalt along with L-type calcium
channel blockers (nimodipine — 2 μM or calcicludine — 0.01 μM),
intracellular calcium chelator (BAPTA-AM — 50 μM), extracellular
calcium chelator (EGTA — 3 mM) and a combination of BAPTA-AM
with EGTA.
After co-treatment with calcium channel blockers and metals, we
did not detect any signiﬁcant alteration in tungsten-alloy or cobalt
mediated hypoacetylation of histone H3 or reduced phosphorylation
levels of H3-Ser10 in C2C12 cells (Fig. 3A). Moreover, acetylation of
histone H3 and phosphorylation of H3-Ser10 did not change after
exposure of control C2C12 cells to calcium channel blockers (Fig. 3C).
Similarly, treatment with calcium chelators (BAPTA-AM, EGTA, and
combined BAPTA and EGTA) did not signiﬁcantly impact the H3
hypoacetylation induced by either tungsten-alloy or cobalt (Fig. 3B).
However treatment with BAPTA-AM as well as BAPTA-AM and EGTA
together restored H3-Ser10 phosphorylation levels attenuated
by tungsten-alloy or cobalt exposure (Fig. 3B) whereas treatment
with only EGTA was ineffective in the restoration.
Based on these observations, we concluded that the decrease
in histone H3-Ser10 phosphorylation levels caused by exposure
to tungsten-alloy or cobalt might be the downstream effect of
increased intracellular calcium or a change in intracellular calcium
dynamics triggered by metal treatment, at least in C2C12 cells. In
fact, control C2C12 cultures treated with BAPTA-AM, EGTA or combined BAPTA-AM and EGTA revealed H3 hypoacetylation (Fig. 3C)
to a similar degree as observed in tungsten-alloy or cobalt treated
C2C12 cells. Also, signiﬁcant reduction in the phosphorylation levels
of H3-Ser10, to the same level as in tungsten-alloy or cobalt treated
C2C12 cells, was observed with control C2C12 cultures exposed to
EGTA (Fig. 3C). However, control cultures treated with BAPTA-AM
or combined BAPTA-AM and EGTA did not show H3-Ser10 dephosphorylation because BAPTA-AM appears to chelate the intracellular
calcium (see Fig. 4), hence no calcium was released from the
intracellular stores even after EGTA disturbed the cellular calcium
homeostasis.
Moreover, the intracellular calcium measurement using 2-photon
imaging showed that the baseline intracellular calcium concentration
was elevated in C2C12 cells after exposure to tungsten-alloy and
was signiﬁcantly reduced by combined exposure to tungsten-alloy
and BAPTA-AM (Fig. 4). Speciﬁcally, 1-day exposure to 1000 μM of
tungsten-alloy increased baseline calcium by ~ 15%, whereas 1-day
exposure to 1000 μM of tungsten-alloy plus 50 μM of BAPTA-AM
reduced baseline calcium by ~ 60% (Figs. 4B and 4D). However the
most dramatic effect triggered by 1-day exposure to tungsten-alloy
was alteration of intracellular calcium dynamics (Fig. 4C), consisting
of an increase in the percentage of active cells (cells that exhibit more
than 25% change in baseline calcium during 5 min of recording
period). Exposure to tungsten-alloy increased the percentage of active
cells from ~17% to 57% (3-fold increase; Fig. 4E). These results suggest
strong correlation between intracellular calcium dynamics and H3Ser10 phosphorylation.
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Fig. 2. Alterations in histone H3 modiﬁcations induced by metal exposure of in vitro cultures. Panels ‘A’, ‘B’, ‘C’, and ‘D’ refer to Western blot results from HEK293 (human embryonic
kidney cell line), SKNMC (human neuroepithelioma cell line), hippocampal primary neuronal cultures (derived from P2 mouse pups) and C2C12 (mouse myoblast cell line)
respectively exposed to tungsten-alloy (WA-91% W, 6% Ni, 3% Co), tungsten (W), nickel (Ni), cobalt (Co), as well as NiA and CoA (the equivalent amount of Ni and Co used in
tungsten-alloy). Metal concentrations include 50 μg/ml and 1000 μM (nearly equivalent to 58.7 μg/ml of nickel, 58.9 μg/ml of cobalt and 183.9 μg/ml of tungsten and tungsten-alloy).
Histones were isolated after 1-day metal treatment of HEK293, SKNMC, C2C12 cell lines and 1-week exposure of hippocampal primary neuronal cultures. For quantitative analysis of
Western blots (each experiment and blot repeated 3-times), optical intensity of bands was evaluated with a MultiGauge software. The optical intensity data for each Western blot
band was divided by its respective total H2A intensity (from same blot) to normalize for gel loading variation. Data (on the right side of each Western blot) presented as % Control ±
SEM. Bands marked with arrow showed signiﬁcant (p b 0.05 for Dunnett's test following one-way ANOVA) changes in histone modiﬁcations in metal exposed cultures as compared
to controls (Con). ‘A’: acetyl-H3, ‘H’: total H2A, ‘P’: phospho-H3-Ser10, ‘M’: trimethyl-H3-Lys4 antibodies.

Discussion
Extensive use of heavy metals including tungsten-alloys and its
constituent metals can cause harmful health effects (Kalinich, et al.,
2005; Lagarde and Leroy, 2002). The employment of tungsten-alloys
in military ammunition has produced a new route of long-term metal
exposures as embedded shrapnels, which can be difﬁcult to remove
because of their location and/or small size (van der Voet et al., 2007).
This long-term exposure could increase the risk of cancer development in injured individuals. Moreover, leakage of metal solutions to
drinking water and soil because of some environmental contaminants
may also increase metal exposure in the general population (Clausen
and Korte, 2009; Thomas et al., 2009).
To examine dose-dependent cytotoxicity of tungsten-alloy metals,
we implemented four diverse cell cultures, two derived from mice
(C2C12 — mouse myoblast and hippocampal primary neuronal culture)
and two cultures originated from human tissues (HEK293 — human
embryonic kidney and SKNMC — human neuroepithelioma). The
exposure to tungsten-alloy and tungsten showed dose-dependent
toxic effects for concentration levels higher than 50 μg/ml (Fig. 1),
while cobalt and nickel signiﬁcantly affected the cell viability in almost
all cell cultures at even the lowest concentration tested (50 μg/ml). Our
observations are similar to the previous report that found tungsten
toxicity at concentrations greater than 50 μg/ml in human pulmonary
arterial endothelial, smooth muscle and human dermal ﬁbroblasts
(Peuster, et al., 2003). Furthermore, the resistance of C2C12 toward the
tungsten and tungsten-alloy mediated cytotoxicity correlates with the

results from earlier studies that showed very modest (~10%) toxic
effects in C2C12 cultures exposed to high concentrations (1000 μg/ml)
of tungsten-alloy (Kane, et al., 2009). The diverse toxic effects observed
by the same metal concentrations observed here might be related to
variable metal sensitivities of these cell cultures possibly caused by cellspeciﬁc metal uptake mechanisms or metal binding storage proteins
such as thionein and other metal binding chaperones (Linder and
Hazegh-Azam, 1996).
Tungsten-alloy metals exhibit signiﬁcant carcinogenic effects as
shown by recent studies with intramuscularly implanted tungstenalloy pellets in rats (Kalinich, et al., 2005). These carcinogenic effects
can be caused by epigenetic events (histone modiﬁcations) implicated
as environmental triggers of cancer (Ziech, et al., 2010). We therefore
attempted to identify alterations in histone H3 modiﬁcations
including trimethyl-H3-Lys4, acetyl-H3 and phospho-H3-Ser10 that
may underlie the pathological mechanisms of heavy metal exposure.
We did not observe any detectable changes in the methylation status
of trimethyl-H3-Lys4. Tungsten-alloy but not tungsten alone caused
signiﬁcant dephosphorylation H3-Ser10 in C2C12 (Fig. 2D) and
hippocampal primary neuronal culture (Fig. 2C) as well as attenuated
level of H3-acetylation in C2C12 cultures (Fig. 2D). We also found a
signiﬁcant reduction in phosphorylation levels of H3-Ser10 in all
cultures treated with cobalt (Figs. 2A–D). Furthermore, a decrease in
acetylation levels of histone H3 was found in cobalt treated HEK293,
SKNMC and C2C12 cultures (Figs. 2A, 2B, and 2D). The cobalt-induced
histone modiﬁcations could be the result of downstream toxic effects
of cobalt, however, the failure to observe any histone modiﬁcations in
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Fig. 3. Alterations of metal induced histone modiﬁcations in C2C12 cultures by co-treatment with calcium channel blockers or chelators. Panels ‘A’ and ‘B’ refer to Western blots from
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response to an equally toxic dose of nickel possibly suggests and
supports the crucial role of cobalt in mediating epigenetic changes
apart from cell viability defects. Moreover, the epigenetic alterations
caused by the tungsten-alloy exposure of C2C12 cultures (with higher
than 90% cell viability after exposure to 1000 μM metal solution)
highlight the potential role of tungsten-alloy in mediating different
epigenetic modiﬁcations independent of the involvement of dead
cells. C2C12 thus appeared to be particularly prone to histone
modiﬁcations triggered by short term tungsten-alloy exposure with
minimal impact on cell viability. We did not detect any effect of nickel
on H3-Ser10 phosphorylation as opposed to the previous study that
reported nickel mediated increased H3-Ser10 phosphorylation in
human lung carcinoma A549 cultures (Ke et al., 2008). Also,
methylation levels at trimethyl-H3-Lys4 appeared to be unaffected
in all our culture systems even at high concentrations of cobalt
in contrast to increased methylation of H3-Lys4 reported in A549 cells
(Li, xet al., 2009). This may be due to the differential sensitivity of cells
and/or diverse metal solutions used in our study.
We report here dephosphorylation of H3-Ser10 and hypoacetylation of H3 caused by tungsten-alloy but not tungsten in C2C12 and
hippocampal primary neuronal cultures, which highlights the
synergistic epigenetic effects of tungsten along with nickel and cobalt
that parallels and/or contributes to synergistic genotoxic effects of
tungsten-alloy reported by previous studies (Lombaert et al., 2004,
2008; Van Goethem et al., 1997). These synergistic epigenetic effects
are further corroborated by statistically signiﬁcant reduction of H3-

Ser10 phosphorylation caused by tungsten-alloy as compared to
cobalt concentration (CoA) equivalent to the percentage that was
used in the preparation of tungsten-alloy in C2C12 cells. When cobalt
and tungsten carbide particles are in close contact, the generation of
reactive oxygen species may take place, disturbing signaling pathways
involved in proliferation, apoptosis, transformation, and senescence
(Lison et al., 1995; Lu, et al., 2005). Tungsten carbide–cobalt mixture
has been shown to trigger DNA fragmentation and rearrangements of
nucleosome/chromatin assembly in human peripheral blood mononucleated cells thus contributing to apoptosis (Lombaert et al., 2004,
2008). Epidemiological studies have also identiﬁed an increased risk of
lung cancer among workers exposed to hard metal dusts comprising
tungsten carbide–cobalt mixture (Lasfargues et al., 1994) further
suggesting their synergistic genotoxic and/or carcinogenic potentials.
Calcium is a potential cellular contributor that can interfere with
and/or mediate heavy metal mediated histone modiﬁcations (Huang
et al., 2005). It has been previously reported that heavy metal ions can
affect calcium mobilization by stimulating the release of intracellular
calcium stores, thereby increasing free intracellular calcium levels
(McNulty and Taylor, 1999; Miledi, et al., 1989; Smith, et al., 1989).
These alterations in intracellular calcium may be caused by complex
interactions of heavy metal ions with cell-surface receptors and/or
voltage-gated calcium channels or with different intracellular targets
(McNulty and Taylor, 1999; Miledi, et al., 1989; Platt and Busselberg,
1994; Smith, et al., 1989). In order to shed a new light on the role of
calcium in epigenetic modiﬁcations caused by tungsten-alloy, we
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exposed cobalt and tungsten-alloy treated and control C2C12 cultures to
different L-type calcium channel blockers and calcium chelators. The
results showed that neither tungsten-alloy nor cobalt induced histone

modiﬁcations were affected by calcium channel blockers (Fig. 3A).
Similarly, no alteration in metal-induced H3 hypoacetylation was
observed after co-treatment with calcium chelators (Fig. 3B). However,
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signiﬁcant reversal of tungsten-alloy and cobalt induced H3-Ser10
dephosphorylation was observed with BAPTA-AM, resulting in phosphorylation levels similar to control conditions (Fig. 3B). Interestingly,
C2C12 cultures exposed to tungsten-alloy or EGTA showed dramatic
H3-Ser10 dephosphorylation, with BAPTA-AM pretreatment completely reversing this effect. This reduction of the H3-Ser10 phosphorylation
level due to tungsten-alloy or EGTA exposure was possibly regulated by:
(a) a small increase in the intracellular calcium released from
intracellular stores (Fig. 4), and/or (b) a much stronger effect on
calcium dynamics (Fig. 4). The reversal of H3-Ser10 dephosphorylation
might be caused by competitive chelation of intracellular calcium by
BAPTA-AM and/or silencing of intracellular calcium activity (Fig. 4). This
implicates intracellular calcium homeostasis as an important element in
the downstream signaling cascade triggered by tungsten-alloy or cobalt
that induces H3-Ser10 dephosphorylation (Huang, et al., 2005). In fact,
this H3-Ser10 dephosphorylation cascade may involve protein phosphatase PP2A in complex with calcium-sensitive protein kinase C, and/
or nuclear kinases targeting histone H3 (Huang, et al., 2005), which we
plan to address in future studies.
In summary, the present study for the ﬁrst time documented toxic
and epigenetic effects in response to metal exposure in four diverse in
vitro cell culture models. In particular, we found enhanced cytotoxic and
altered epigenetic modiﬁcations in primary neuronal culture following
long-term exposure to tungsten-alloy. Moreover, the transformations of
histone modiﬁcations instigated in response to tungsten-alloy and not
tungsten suggest that synergistic epigenetic effects of tungsten, nickel
and cobalt may underlie the pathological effects of tungsten-alloy
metals in neuronal and non-neuronal tissues. The reversal of histone
modiﬁcations caused by heavy metals in response to calcium chelators
highlights the importance of intracellular calcium and its dynamics in
the pathological effects of tungsten-alloy and/or its alloy components.
Taking into account the critical role of epigenetic modiﬁcations in
regulating gene transcription, any possible alterations in histone
modiﬁcations may thus affect downstream signaling cascades crucial
for cell growth, differentiation, apoptosis, learning and memory
mechanisms. More detailed studies are warranted to identify genespeciﬁc chromatin modiﬁcations to unravel the unique signaling
pathways disrupted in response to heavy metal exposure and their
nuclear mediators.
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